Abstract-We present an upper bound on the broadcast capacity of arbitrary ad hoc wireless networks. The throughput obtainable by each node for broadcasting to all of the other nodes in a network consisting of n nodes with fixed transmission ranges and C bits per second channel capacity is bounded by O(C/n), which is equivalent to the upper bound for per node capacity of a fully connected single-hop network.
Broadcast Capacity of Wireless Networks Bulent Tavli, Member, IEEE
Abstract-We present an upper bound on the broadcast capacity of arbitrary ad hoc wireless networks. The throughput obtainable by each node for broadcasting to all of the other nodes in a network consisting of n nodes with fixed transmission ranges and C bits per second channel capacity is bounded by O(C/n), which is equivalent to the upper bound for per node capacity of a fully connected single-hop network.
Index Terms-Data communications, wireless communications, wireless networks, wireless systems.
I. BACKGROUND
T HE SEMINAL work of Gupta and Kumar [1] has revealed that the per node capacity of ad hoc wireless networks decreases with increasing network size. They showed that the end-to-end per node capacity of an ad hoc network is Θ(1/ √ n). In [2] , it was shown that Θ(1/ √ n) = 0.047/ √ n for an ideally routed (i.e., centralized control in network layer), IEEE 802.11 MAC-based network. It was shown in [3] that by inserting access points connected by cables into an ad hoc network, per node capacity of the network could be kept constant (i.e., Θ(1)).
We will summarize the results of [1] , [2] . Consider an ad hoc wireless network with channel capacity C bits per second, area A m 2 , constant node density (n 0 nodes/m 2 ), and a total of n nodes in the network, where each node has a fixed transmission radius r 0 . Due to the spatial frequency reuse, the total one-hop bandwidth available in the network increases with network area. The upper bound on the gain from such spatial reuse is O(A), which also can be expressed as
The average distance between randomly chosen source and destination pairs is proportional to the square root of the network area, which can also be expressed as the square root of n (i.e., O( √ n)). Thus, on the average, each bit should be relayed by O( √ n) hops to its destination by the intermediate nodes on the path between the source and destination. This means that the aggregate bandwidth required to transfer each generated bit from the source to the destination is O( √ n) bits per second.
The theoretical limits on the capacity of ad hoc wireless networks discussed so far are for unicast traffic (i.e., one-toone). To the best of our knowledge, the broadcast capacity of arbitrary ad hoc wireless networks has not been investigated in the literature. The main reason for the lack of attention to this problem is that multi-hop broadcasting is not the main service targeted in ad hoc networks. However, in some ad hoc and sensor network applications, network-wide broadcasting is the primary function of the network. Furthermore, all the routing protocols for unicasting use broadcasting for route discovery, monitoring, and maintenance. Thus, the limitations imposed by broadcasting are crucial in the analysis of unicast routing protocol architectures used in ad hoc and sensor networks as well.
II. UPPER BOUND ON BROADCAST CAPACITY
In unicasting, the average path length of randomly chosen source-destination pairs is related with the square root of the network area, √ A. However, in broadcasting all the nodes in the network should receive each packet. Thus, the path length in broadcasting is related with the network area, A, instead of √ A in unicasting, whereas the spatial reuse factor in broadcasting is the same as in unicasting.
An upper bound on the single-hop equivalent aggregate bandwidth of a multi-hop network in broadcasting as a function of n, W ag (n), is given as
Note that the multi-hop relaying term for broadcasting is O(1/n), whereas in unicasting it is O(1/ √ n). Thus, the aggregate throughput capacity for broadcasting in a multi-hop network is bounded by
Per node capacity for broadcasting is bounded by
To support the above intuitive analysis of broadcast capacity, we will formally establish an upper bound on the broadcast capacity of arbitrary ad hoc networks. Theorem 1: The upper bound on the per node broadcast capacity of an arbitrary ad hoc network is O(1/n).
We will provide two alternative proofs for theorem 1. Proof 1-1: Assuming a constant transmit radius, r 0 , for each node in the network, the coverage area of each node, A 0 , is πr 2 0 . Thus, any transmission can be received by at most A 0 n 0 number of nodes. To cover the entire network, which is the goal in network-wide broadcasting, at least A/A 0 transmissions are required.
As an extreme case, assume perfect capture, where a receiving node receives the higher power packet if there are multiple simultaneous packet transmissions by multiple transmitters. Therefore, any two transmitters must be separated by at least 1089-7798/06$20.00 c 2006 IEEE 2r 0 to ensure that all the nodes in the receive range of each transmitter are receiving the packets destined for them. By considering the fact that a transmitting node can be in the corner, the number of concurrent transmissions can be at most A/(A 0 /4).
When we combine these two results we see that each generated bit needs to be retransmitted at least for [A/A 0 − 1] times, and it is possible to transmit at most A/(πr 2 0 /4) bits concurrently. Therefore, the aggregate broadcast capacity that can be supported is:
Per node broadcast capacity is obtained as 4C/n = O(1/n) . Proof 1-2: Let the set S MCDS denote the subset of nodes that create a Minimally Connected Dominating Set (MCDS) for the network. An MCDS is a minimal set of connected nodes such that any non-set node is in the one-hop neighborhood of at least one member of the set. An MCDS creates an optimal broadcasting (retransmission) scheme [4] . Let the number of nodes in an MCDS be n 1 . Since each node in S MCDS has to transmit at least once, total number of transmissions required for a packet to be broadcast to the entire network is n 1 for any source node within the set, and the number of transmissions is n 1 + 1 for any non-set node. The maximum number of simultaneous successful transmissions within the MCDS is n 1 /2, because each downstream node should be listening to the upstream node to keep the broadcast flow alive. Thus, the aggregate bandwidth is bounded by
The per node broadcast capacity is obtained as C/(2n) = O(1/n), which concludes the proof .
III. CONCLUSION
We have shown that the broadcast capacity of arbitrary ad hoc networks is bounded by O(1/n), which is equivalent to the broadcast or unicast capacity of fully connected wireless networks. Thus, the scalability of broadcasting is worse than unicasting and the scalability of multicasting is in between them. Depending on the multicast group size, per node broadcast capacity of multicasting can be either O(1/n), if the multicast group size is not bounded, or O(1/ √ n), if the multicast group size is bounded by a finite number. In order to keep the capacity of a sensor or ad hoc network on the order of Θ(1/ √ n), frequent use of network-wide broadcasting should be avoided.
